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Serpins display a number of highly unusual structural
properties along with a unique mechanism of inhibi-
tion. Although structures of numerous serpins have
been solved by X-ray crystallography, little is known
about the dynamics of serpins in their inhibitory ac-
tive conformation. In this study, two complementary
structural mass spectrometry methods, hydroxyl
radical-mediated footprinting and hydrogen/deute-
rium (H/D) exchange, were employed to highlight dif-
ferences between the static crystal structure and the
dynamic conformation of human serpin protein, a1-
antitrypsin (a1AT). H/D exchange revealed the distri-
bution of flexible and rigid regions of a1AT, whereas
footprinting revealed the dynamic environments of
several side chains previously identified as important
for the metastability of a1AT. This work provides in-
sights into the unique structural design of a1AT and
improves our understanding of its unusual inhibi-
tion mechanism. Also, we demonstrate that the
combination of the two MS techniques provides a
more complete picture of protein structure than
either technique alone.
INTRODUCTION
Serpins are a large family of serine and cysteine protease inhib-
itors involved in the regulation of numerous physiological pro-
cesses such as tissue remodeling and blood clotting. The serpin
protein family has a number of highly unusual structural proper-
ties and a unique mechanism of inhibition which have attracted
intense interest (Gettins, 2002a). Unlike other protease inhibitors,
which simply bind to the active sites of their target, serpins struc-
turally disrupt their target protease, trapping the acyl-enzyme
intermediate. This disruption is accomplished through a mas-
sive conformational change in the serpin molecule (Dementiev
et al., 2006; Ye et al., 2001; Huntington et al., 2000). In the na-
tive form of a1-antitrypsin (a1AT) (Figure 1A), the reactive center
loop (RCL) lies outside of the tertiary core of the protein to allow
binding of the target protease. A large conformational change is
triggered upon cleavage of the RCL by the protease. While the38 Structure 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights reprotease is covalently bonded to the serpin during formation of
the acyl-enzyme intermediate, the RCL inserts into the center
of b sheet A, becoming a sixth strand (Figure 1B). In the process,
the bound protease is inactivated through distortion of its active
site (Gettins, 2002b). The inhibited (loop-inserted) form of serpins
is known to be considerably more stable than the active (non-
loop-inserted) form (Kaslik et al., 1997). Inhibitory serpins are
thus unusual in that they fold to a metastable conformation
and convert to their true stable conformation during inhibition.
Although the structures of numerous serpins in a variety of differ-
ent conformations have been solved by X-ray crystallography
(Gettins, 2002a), little is known about the dynamics of serpins.
In this work, the structural and dynamic properties of the active
metastable form of human a1AT, themost abundant serpin in hu-
man plasma, were examined by two structural mass spectrom-
etry (MS) methods: hydroxyl radical-mediated footprinting and
hydrogen/deuterium (H/D) exchange MS.
The H/D exchange MS method was developed in the early
1990s. The practicality of this method lies in the fact that amide
hydrogens are sensitive probes for solvent accessibility, protein
lability, and protein secondary structure. A schematic represen-
tation of the H/D exchange technique is shown in Figure 2A. The
protein backbone amide hydrogens are exchangeable with deu-
terium atoms from the solvent surrounding the protein at differ-
ent measurable exchange rates. The amide hydrogens at the
surface of proteins exchange very rapidly, whereas amide hydro-
gens that are buried or participating in stable hydrogen bonds
have much slower exchange rates (Busenlehner and Armstrong,
2005). Thus, H/D exchange rates can be measured along the en-
tire length of the protein backbone, providing a comprehensive
measure of protein structure and solvent accessibility. Because
backbone amide hydrogens are also involved in the formation of
hydrogen bonds in protein secondary structures, their exchange
rates are also a reflection of secondary structure and structural
stability.
Hydroxyl radical-mediated (OH) protein footprinting using
mass spectrometry has recently been developed to define pro-
tein structure, assembly, and conformational changes in solution
based on measurements of reactivity of amino acid side-chain
groups (Takamoto and Chance, 2006). OH radicals suitable
for footprinting experiments can be generated by multiple
methods such as Fenton reagent, from photo-oxidation of per-
oxide, using electrical discharge, and from radiolysis of water
(Guan and Chance, 2005). Synchrotron footprinting technologyserved
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MS Characterization of Serpin Structure(SF) combining a number of state-of-the-art techniques was em-
ployed in this study (Figure 2B). Radiolysis of water using X-rays
from synchrotron sources generates OH radicals isotropically
in solution without the addition of chemicals. OH radicals gen-
erated through millisecond exposures of synchrotron X-rays
Figure 1. The Structural and Inhibitory Properties of a1-Antitrypsin
(A) The encounter complex between a serpin and a target protease (PDB ID
code: 1K9O) (Ye et al., 2001). The protease is shown in orange.
(B) The inhibitory complex of a serpin and a translocated protease (PDB ID
code: 1EZX) (Huntington et al., 2000). The inserted RCL is colored red.
(C) The crystal structure of active a1-antitrypsin (PDB ID code: 1QLP) (Elliott
et al., 2000). Functionally important regions as described by Whisstock et al.
(2000) are indicated in circles. b sheets A, B, and C are in green, purple, and
yellow, respectively. All a helices are in blue. The RCL is shown in red.Structurecan then react with proteins to yield stable oxidative modifica-
tions of solvent-accessible amino acid side chains. Subsequent
to oxidation, proteins are digested by specific proteases to gen-
erate peptides for mass spectrometry analysis. Accurate mea-
surements of side-chain reactivity are achieved by quantitative
liquid chromatography-coupled MS. Also, the oxidized residues
can be identified using tandem MS. The reactivity of side chains
with OH can give insights into protein structure and monitor
conformational changes (e.g., due to ligand binding or macro-
molecular interactions) (Guan and Chance, 2005).
In this paper, we report the results of SF studies of the active
metastable form of the canonical serpin a1-antitrypsin (a1AT).
The results are combined with nanosecond-scale molecular dy-
namics simulations in order to gain further insight into the nature
of the conformations and conformational dynamics that are
probed by SF. The dynamics of a1ATwere previously studied us-
ing H/D exchange and mass spectrometry (Tsutsui et al., 2006).
Whereas SF reports primarily on the solvent accessibility of pro-
tein side chains, H/D exchange probes the solvent accessibility,
hydrogen bonding, and conformational flexibility of backbone
amide hydrogens. These techniques both have the advantage
that they can be applied to extremely large proteins and macro-
molecular assemblies in solution that are difficult to study by
other methods; however, a1AT is currently the only systemwhich
has been studied using both techniques. Examining our foot-
printing results together with the previously reported H/D ex-
change results of Tsutsui et al. (2006), we demonstrate that the
combination of the two techniques provides a more complete
picture of protein conformation and conformational dynamics
than either technique alone.
RESULTS
Peptide Mapping and Coverage
Both MS methods gave high coverage of the a1AT sequence
(90% for SF and 89% for H/D exchange). Figure 3A indicates
that 53 peptides were identified in SF experiments, which cover
90% of the a1AT sequence. This 90% sequence includes sev-
eral regions that are proposed to be important to a1AT structure.
For example, the ‘‘hinge’’ (Figure 1C), which provides mobility
essential for the RCL during the conformational change (Hopkins
et al., 1993), was monitored as tryptic peptide 344–365. Two
other essential regions shown in Figure 1C are the ‘‘breach’’
and ‘‘shutter,’’ which are located at the top and the center of
sheet A, respectively (Whisstock et al., 2000; Stein and Carrell,
1995). These two regions facilitate sheet opening and accept
the inserted RCL. The peptides monitoring these two regions
are shown in Figure 3A. For the peptide mapping of H/D ex-
change experiments, the 29 peptides analyzed by H/D MS are
well distributed throughout the molecule, and the only signifi-
cant gap is in strand 2A (Figure 3B).
Three proteases (trypsin, chymotrypsin, and Asp-N) were
used to maximize the sequence coverage in SF experiments:
the addition of chymotrypsin together with trypsin increases
the coverage of the a1AT sequence from 74% (trypsin only) to
90% because of the additional identification of three N-terminal
fragments by chymotrypsin. Usage of multiple enzymes also
efficiently segmented the a1AT sequence into smaller units (Fig-
ure 3A), thus increasing the resolution of SF data. In addition,16, 38–51, January 2008 ª2008 Elsevier Ltd All rights reserved 39
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MS Characterization of Serpin StructureFigure 2. Schematic Representations of Synchrotron Footprinting and H/D Exchange Mass Spectrometry Techniques
(A) By changing the solvent from H2O to D2O, amide protons in the backbone of the protein exchange with the protons from the solvent. The exchange reaction is
quenched by quickly changing the solution pH to approximately 2.4 and usually combining with rapid freezing. Typically the protein is digested with pepsin. The
kinetics of amide H/D exchange is measured by mass spectrometry to provide essential dynamics information for the protein.
(B) When a protein is exposed to synchrotron X-rays, the hydroxyl radicals generated from water will modify side chains of the protein. After X-ray exposure, the
protein samples are digested by proteases and solvent-accessibility information is provided by MS. The particular modification sites are determined by tandem
MS and the side-chain reactivity is accurately measured by quantitative liquid chromatography-coupled mass spectrometry.usage of multiple proteases provided redundant information for
SF on the reactivity of some peptides where modified residues
overlap. In contract to SF, only pepsin was used for proteolysis
in H/D exchange experiments because the range of proteases
and digestion conditions that can be employed with H/D ex-
change is limited due to the strict requirements of low pH and
short (5 min) digestion times. Changes in pH or increases in
digestion time will lead to increased loss of deuterium due to
back exchange. There are currently only a very few proteases
other than pepsin that can digest proteins efficiently under
conditions suitable for H/D MS.
H/D Exchange
H/D exchange studies of the structural dynamics of a1AT were
carried out previously and the results are reported in Tsutsui
et al. (2006). Figure 4 shows the number of fast-, intermediate-,
and slow-exchanging amide hydrogens of each peptide ob-
tained by fitting deuterium versus time curves to a sum of ex-
ponentials (Tsutsui et al., 2006). Thus, the distribution of local
conformational flexibility in active a1AT can be probed by H/D
MS. For example, if a region contains more than 35% slow-
exchanging amide hydrogens, it is considered tobe highly stable.40 Structure 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights rIf a region contains less than 20%slow-exchanging amidehydro-
gens, it is considered to be highly flexible.
Synchrotron Footprinting
The a1AT protein sample at pH 7.0 was exposed to the synchro-
tron X-ray white beam for different time durations (see Experi-
mental Procedures). Irradiated protein was subjected to prote-
ase digestion, and oxidized peptides were detected by mass
spectrometry.
Oxidative modifications in each peptide are detected by in-
specting a selected peptide ion chromatogram and its corre-
sponding full mass spectrum. Oxidized peptides are less hydro-
phobic due to oxygen addition and elute a few minutes earlier
than the unoxidized counterparts when peptides are separated
by reverse-phase HPLC. Thereby, abundance of oxidized and
unoxidized peptides derived from different regions in a1AT is
obtained. In Figure 5A, the selected ion chromatograms of unoxi-
dized and oxidized doubly charged peptide ions from tryptic
peptide 344–365 (encompassing RCL and strand 1C) are given
as an example. Oxidation of both Met 351 and Met 358 or either
Met in this peptide was detected at a retention time (RT) of 44.89
and 45.92 min, respectively (Figure 5A). The correspondingeserved
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MS Characterization of Serpin Structureunoxidized peptide was eluted at 47.56min due to its greater hy-
drophobicity than the oxidized peptides. A full mass spectrum is
also analyzed to further confirm oxidation of each peptide. An
example is shown in Figure 5B. Oxidative modification on pep-
tide 202–217 increases its molecular weight by 16 Da due to
an addition of an oxygen atom, resulting in m/z shifts of 5.2
and 8 for triply and doubly charged ions compared to m/z of
the corresponding unoxidized ions. Thereby, a mass spectrum
of each peptide derived from different regions in the a1AT struc-
ture provides an additional way to confirm abundance and the
presence of oxidized and unoxidized peptides.
Fourteenpeptides that exhibitedoxidation are shown inTable 1.
Twelve of them are generated by trypsin digestion, whereas
peptides composed of residues 159–170 and 270–279 are gen-
erated by Asp-N digestion. For each peptide in Table 1, the oxi-
dative modified residues were identified by tandem MS spectra.
Figure 5C shows a tandemMSspectrumof a tryptic peptide (res-
idues 291–300) derived from strand 6A. An oxidation of a tyrosine
residue in this peptide is evidencedby apeak difference between
b6 and b7 ions or y3 and y4 ions. Other oxidized residues identified
by tandemMSexperiments are indicatedwithin each peptide se-
quencewith bold type (Table 1). They are located in helices A, I, F,
and H; amajority of sheets A, B, and C; and two loop regions: the
Figure 3. Peptide Mapping for Footprinting
and H/D Exchange Mass Analysis
Primary sequences corresponding to a helices
and b strands are shown below blue and red
bars, respectively. The RCL is shown below a
yellow bar.
(A) Peptides digested by three proteases in foot-
printing experiments are indicated by colored
double-headed arrows under the protein se-
quence. Black, trypsin; purple, chymotrypsin;
green, Asp-N.
(B) Peptic fragments for H/D exchange study are
indicated by dashed double-headed arrows.
highly exposed RCL and the loop be-
tween helix I and strand 5A (Figures 6A
and 6B). The solvent-accessible surface
area (SASA) of the oxidized side chains
based on the crystal structure (Protein
Data Bank [PDB] ID code: 1QLP) is shown
below the one-letter codes (Table 1).
Those peptides detected but not modi-
fied are colored yellow in Figures 6A and
6B, which include helices D, E, and G
and strands 3A, 1B, 6B, and 2C, indicat-
ing the absence or burial of reactive side
chains in these regions.
Oxidation rates for these 14 peptides
were generated by analysis of HPLC-
MS data and fitting dose-response
curves. These curves plot the fraction
unmodified for each peptide as a function
of exposure time (Figure 5D; see Supple-
mental Data available with this article on-
line). Data from duplicate experiments
were averaged and shown in Table 1. Among the various modi-
fied peptides, the one that comprises the RCL exhibits the high-
est oxidation rate; this is in accordance with the loop’s high sol-
vent exposure and its containing of two highly reactive
methionine residues. There are two oxidized peptides of note.
Modifications of the probe residues in tryptic peptide 336–343
and 381–387 were detected only at 100 ms exposure times or
greater. For peptide 336–343, it is possible that a significant pop-
ulation of the modified peptides was undetected in the lower ex-
posure sample due to insufficient digestion by trypsin owing to
themodification of Lys 343 at the C terminus. For these two pep-
tides, the dose response was estimated from the available data.
SASA Calculation by Molecular Dynamics Simulations
The behavior of the 14 peptides that exhibited oxidation and the
behavior of the peptides that did not exhibit oxidation (data not
shown) were generally consistent with the results of surface-
accessibility calculations on the crystal structure of a1AT. How-
ever, there are some exceptions. For example, SASA for the Met
374 residue is 0.51 A˚2, and its sulfur atom is completely buried
with a SASA value of 0 based on the crystal structure. For Met
385, the SASA is 1.07 A˚2 and its sulfur atom is also completely
buried (SASA 0 A˚2). To investigate how these two completelyStructure 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights reserved 41
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MS Characterization of Serpin StructureFigure 4. Bar Graph Showing the Number of Fast-, Intermediate-, and Slow-Exchanging Hydrogens in Each Peptic Fragment from a1AT
Red in the figure indicates the number of fast-exchanging hydrogens in each peptide; gray indicates the number of intermediate-exchanging hydrogens; and blue
indicates the number of slow-exchanging hydrogens.buried sulfur atoms can be oxidized, molecular dynamics simu-
lations (MD) were employed. The average SASA for Met 374 dur-
ing 6.8 ns MD simulations is 0.13 ± 0.37 A˚2 and the maximum
value is 4.2 A˚2 (Figure 7A). The average SASA of the sulfur
atom of Met 374 is 0.01 ± 0.1 A˚2 and the maximum is 1.6 A˚2
(Figure 7B). For Met 385, its SASA is 0.94 ± 1.3 A˚2 and the max-
imum value is 10.6 A˚2 during 6.8 nsMD simulations (Supplemen-
tal Data). The average SASA of its sulfur atom is 0.16 ± 0.46 A˚2
and the maximum is 8.74 A˚2. In these two cases, our footprinting
data were consistent with MD calculations that predict dynamic
excursions of the reactive sulfur atom of methionine.
DISCUSSION
Comparison of Structural MS Data
and Crystallographic Data
In this section, we compare the MS data to that from crystallog-
raphy so that we can ascertain the accuracy and reliability of our
structural MS methods. In addition, we are interested in deter-
mining what additional dynamic information these two methods
provide that is not evident from the static crystal structure.
The comparison of H/D exchange and the crystal structure
was obtained by comparing the number of slow-exchanging hy-
drogen (experimental) with the number of protected hydrogens
(determined from the crystal structure) (Tsutsui et al., 2006).
The regions with compatible numbers represent segments
where H/D exchange data are consistent with secondary struc-
ture predictions and that the secondary structure within these
segments is relatively stable. These regions include C-terminal
of helix F, a portion of helix H, and all of strands 2C and 6A. On
the other hand, the regions with inconsistent numbers indicate
incorrect secondary structure or relatively unstable secondary
structural regions. Such regions include helices B and C, sheet
B, and central strands of sheet A.
In footprinting experiments, hydroxyl radicals react preferen-
tially with the solvent-accessible reactive side chains of amino
acid residues. Therefore, solvent accessibility and reactivity42 Structure 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights reare the two criteria to determine whether a residue can be oxi-
dized or not. Recent work has established the chemistry of radio-
lyticmodification of different amino acid side chains and their rel-
ative reactivity (Xu and Chance, 2003, 2004, 2005a, 2005b).
These studies proposed that at least 14 of the 20 amino acids
are good footprinting probes which cover approximately 65% of
the sequence of the typical protein. Their relative reactivity of the
side chains using MS detection is as follows: Cys > Met > Trp >
Tyr > Phe > Cystine > His > Leu, Ile > Arg, Lys, Val > Pro, Ser,
Thr>Gln,Glu>Asp,Asn>Ala>Gly (TakamotoandChance,2006).
In terms of the two criteria mentioned above, the behavior of
the 14 peptides that exhibited oxidation and the behavior of
the peptides that did not exhibit oxidation were generally con-
sistent with the results of surface-accessibility calculations on
the native a1ATmolecule (Table 1). Figures 8A and 8B are two ex-
amples demonstrating that footprinting data accurately reflect
the solvent accessibility of amino acid side chains consistent
with the crystal structure. In peptide 202–217, His 209 but not
Phe 208 is identified as being modified, although Phe is more re-
active than His. In Figure 8A, we can clearly see that His 209
(SASA 74 A˚2) faces the solvent while Phe 208 (SASA 0 A˚2) faces
inside near sheet B. A second example demonstrating that foot-
printing data are consistent with crystallographic data is shown
in Figure 8B. The relative reactivity of Phe 35 (SASA 6.8 A˚2)
and Phe 33 (SASA 0 A˚2) should only be determined by their struc-
tural environment. Although both Phe residues are located in
helix A and are adjacent to each other, they face in opposite
directions. Phe 33was not oxidized because it is completely bur-
ied in the space between helix A and sheet A. Thus, footprinting
is a highly sensitive technique to probe solvent accessibility of
side chains.
However, there are some exceptions. As mentioned before,
SASA values of oxidized Met 374 and Met 385 calculated based
on the crystal structure are only 0.51 and 1.07 A˚2, respectively,
and the sulfur atoms that react with hydroxyl radicals are com-
pletely buried (SASAs are 0 A˚2). Previous studies that have
shown oxidation of ‘‘inaccessible’’ methionine residues are likelyserved
Structure
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(A) Selected ion chromatograms (SIC) of unoxidized and oxidized doubly charged peptide ions from tryptic peptide 344–365 with an exposure time of 80 ms.
Peptides with both methionines (351 and 358) oxidized or a single Met oxidized were eluted at retention times of 44.89 and 45.92 min, respectively. The corre-
sponding unoxidized peptide was eluted at 47.56 min.
(B) ESI-MS spectra of tryptic peptide 202–217 (top) and its derivatives irradiated by synchrotron X-rays for 100 ms (bottom).
(C) MS/MS spectrum of oxidized doubly charged ion from tryptic peptide 291–300 at m/z 564.04 (+16 Da). The exposure time is 100 ms.
(D) Dose-response curve for the radiolytic modification of tryptic peptide 26–39. The rate of radiolytic modification is listed in Table 1.derived through secondary oxidation events mediated by perox-
ide generation during radiolysis (Maleknia et al., 2001; Kiselar
et al., 2002) or peroxide addition as part of the oxidation mecha-
nism (Sharp et al., 2003). More recent protocols have eliminated
these side reactions (Xu and Chance, 2005a) and, using these
methods, methionine oxidation is highly correlated to solvent ac-
cessibility (Kiselar et al., 2007; Kamal et al., 2007). For these res-
idues, our view is that the dynamics of the methionine residues is
responsible for their oxidation. Our 6.8 nsMD simulations results
showed that the SASAs for the sulfur atoms of Met 374 and Met
385 can achieve 4.2 and 10.6 A˚2, respectively. As hydroxyl radi-
cals react at the diffusion limit (e.g., with no barrier) with respect
to methionine oxidation, it is reasonable to expect that oxidationStructurcan occur on ultrafast timescales if a radical is in the vicinity of the
momentarily accessible side chain. Thus, the momentary excur-
sions of usually buried Met residues appear to accumulate
detectible oxidation products, illustrating that hydroxyl radical-
mediated footprinting can detect ultrafast dynamics for sulfur-
containing protein residues. It is unlikely that residues of lower
reactivity can be oxidized by this mechanism.
Various studies have revealed themethionine residues that are
susceptible to oxidation in a1AT. Among the ten methionines, it
has been stated that only two are susceptible to oxidation
when a1AT is exposed to N-chlorosuccinimide (Johnson and
Travis, 1979); fourmethionines are foundoxidizeduponexposure
to cigarette smoke (Carp et al., 1982); and three (Taggart et al.,e 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights reserved 43
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MS Characterization of Serpin StructureTable 1. Rate Constants for the Modification of Human a1-Antitrypsin
Protease Residues Peptide Rate Constant (s1)
Trypsin 26–39 ITPNLAEFAFSLYR 2.9 ± 0.3
6.83
102–129 TLNQPDSQLQLTTGNGLFLSEGLKLVDK 4.48 ± 0.06
96.49
137–155 LYHSEAFTVNFGDTEEAKK 12.62 ± 0.28
86.86
202–217 DTEEEDFHVDQVTTVK 3.28 ± 0.03
74.33
244–259 YLGNATAIFFLPDEGK 1.46 ± 0.05
4.28
291–300 LSITGTYDLK 3.5 ± 0.1
33.19
301–310 SVLGQLGITK 6.11 ± 0.02
37.22
311–328 VFSNGADLSGVTEEAPLK 13.04 ± 2.25
133.51
336–343a AVLTIDEK %10
55.61
344–365 GTEAAGAMFLEAIPMSIPPEVK 102.2 ± 4.5
189.45 204.55
366–380 FNKPFVFLMIDQNTK 10.95 ± 2.26
0.51
381–387a SPLFMGK %3
1.07
Asp-N 159–170 DYVEKGTQGKIV 3.51 ± 0.06
22.99
270–279 DIITKFLENE 3.72 ± 0.03
16.02
The modified amino acids are in bold, under which the solvent-accessible surface area (SASA) values are indicated.
aOxidation products were observed at and above 100 ms exposure times.2000) to five methionines are identified as being oxidized by
chemical oxidation using hydrogen peroxide (Griffiths and Coo-
ney, 2002). However, none of these previously identifiedMet res-
idues (Met 1,Met 226,Met 242,Met 351, andMet 358) are buried
based on the crystal structure. Our molecular dynamics simula-
tions show that the timescale of Met 374’s and Met 385’s mo-
mentary excursions are at the picosecond–nanosecond level.
The rate constant for the reaction of methionine residue with
H2O2 is 10
2 M1S1 (Griffiths and Cooney, 2002), whereas the
rate constant for reaction of methionine with hydroxyl radical is
109 M1S1 (Xu and Chance, 2007). Although the concentration
of such radicals is low, radicals generated adjacent to a methio-
nine residue that is experiencing a momentary excursion will im-
mediately react, allowing these fast dynamics to be probed.
Consistency of the Two MS Methods and Dynamic
Information Relevant to Serpin Function
Both SF and H/D exchange MS methods are capable of probing
protein solvent accessibility. In general, exposed regions tend to
be oxidized and show fast exchange rates. On the other hand,
buried side chains are not likely to be oxidized and the corre-44 Structure 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights rsponding buried peptides will show slow exchange rates. In
this section, we examine the consistency of the results obtained
from the twomethods. Thosepeptides showing nooxidation also
show slow H/D exchange rates including helix B, strands 1B, 2B,
and 3B, and the N terminus of strand 3C. Regions which contain
oxidized side chains and show high H/D exchange rates include
the highly exposed surface loop RCL, helix F, and strand 6A.
Among these structural regions, helix F is particularly interest-
ing. Helix F appears to physically block the conformational
change of a1AT from native to its cleaved form (Figure 1). Thus,
helix Fmust be displaced during the native-to-cleaved transition.
When the transition is complete, helix F then returns to its posi-
tion on the face of sheet A. This displacement and relocation
could be accomplished either by a rigid-body movement of helix
F or by partial helix unfolding (Cabrita et al., 2004; Gettins,
2002b). The rate of H/D exchange observed in the C-terminal
half of helix F is comparable to exchange rates in solvent-ex-
posed loops such as the RCL, indicating that this region is ex-
tremely labile in the active state, possibly populating a partially
unfolded conformation. Such conformational flexibility could
ease the native-to-cleaved transition because a highly flexibleeserved
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MS Characterization of Serpin StructureFigure 6. Footprinting Data of a1-Antitrypsin
The front view (A) and back view (B) of the three-dimensional structure of active
a1AT (PDB ID code: 1QLP). Amino acid side chains identified as being oxidized
are shown in red. Peptides identified as being unmodified are colored yellow.Structurand/or marginally stable helix F will be more readily displaced
from its position at the front of sheet A. Footprinting data sup-
ported this observation as oxidative modification was found on
Tyr 160 in helix F. Tyr 160 is located at the C terminus of helix
F and is buried in the space between helix F and sheet A, making
contacts with residues on the face of sheet A (Figure 8C). Muta-
tions which increase interactions between Tyr 160 and sheet A
have been shown to reduce activity, suggesting that weak inter-
actions between helix F and sheet A are important for efficient
translocation of target proteases (Lee et al., 2000). The fact
that Tyr 160 is readily oxidized suggests that its interactions
with sheet A are in fact highly labile in wild-type a1AT. Together,
H/D exchange and SF demonstrate that, at the C-terminal end of
helix F, both the hydrogen-bonded backbone and the side-chain
interactions with neighboring structural elements are highly dy-
namic. These observations are entirely consistent with the sug-
gestion that preexisting lability in helix F facilitates the inhibitory
conformational change.
Complementarity of the Two MS Methods
and the Dynamics of Serpin
Although both SF and H/D exchange MS methods are capable
of probing protein solvent accessibility, they have different ca-
pabilities. Synchrotron footprinting examines the conformation
by determining the solvent accessibility of side-chain structures
of proteins, whereas H/D exchange monitors the solvent expo-
sure and secondary structure of the protein backbone. In this
section, we examine ‘‘conflicts’’ in the data such as oxidized
segments that have low H/D exchange rates or unoxidized
segments that have high exchange rates to better understand
the respective strengths and limitations of the two methods.
Our data reveal that there are a total of five oxidized residues
located in ‘‘slow’’ H/D exchange peptides. Two of the five cases
can be easily explained when looking at the crystal structure.
Strand 4C showed very slow exchange because the backbone
amides form stable hydrogen bonds. In contrast, His 209 located
on strand 4C was identified as being readily oxidized by foot-
printing because its side chain is highly exposed (Figure 9A).
The second example is Pro 326, located in the loop region be-
tween helix I and strand 5A (Figure 9A). This loop showed slower
exchange than other loops in the protein, possibly reflecting the
lack of solvent-accessible backbone amides seen in the crystal
structure. However, Pro 326 located in this loop was observed
to be oxidized because the solvent accessibility of this Pro resi-
due is very high (SASA 133 A˚2) based on X-ray data. The comple-
mentary capabilities of the two MS methods are clearly demon-
strated by these examples.
The other three cases are different but especially interesting.
They involve Met 374, Met 385, and Pro 255 located on strands
4B, 5B, and 3B, respectively (Figure 9A). These three residues
are located in ‘‘breach’’ and ‘‘shutter’’ regions where sheet A ac-
cepts the insertion of the RCL during the conformation change
of a1AT (Figure 1C). All three residues are buried in the crystal
structure and located in rigid regions as identified by H/D ex-
change. A highly flexible local environment, at the side-chain
level, is the logical explanation for the oxidative modification of
these three residues.
Combining our footprinting findings with published mutagene-
sis studies on a1AT, these local flexible structural environmentse 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights reserved 45
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MS Characterization of Serpin StructureFigure 7. Molecular Dynamics Trajectories of Met 374 along with Its Sulfur Atom and Side-Chain Dynamics Exposing Met 374 to Solvent
(A) Trajectory of Met 374 during 6.8 ns MD simulations. The average SASA for the Met 374 residue is 0.13 ± 0.37 A˚ and the maximum SASA is 4.2 A˚.
(B) Trajectory of the sulfur atom of Met 374 during 6.8 ns MD simulation. Its average SASA is 0.01 ± 0.10 A˚ and the maximum SASA value is 1.6 A˚.
(C and D) The surface of a1AT at 5476 and 5478 picoseconds of our MD simulations is shown in (C) and (D), respectively. Side chains involved in the burial/
exposure of Met 374 are shown in blue, while Met 374 itself is shown in red.
(E) Structures at the two time points in (C) and (D) are superimposed. It is clear that relatively small side-chain displacements are sufficient to expose the sulfur
atom of Met 374.46 Structure 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights reserved
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MS Characterization of Serpin Structureare proposed to mediate the global stability of the protein that is
required for the unusual inhibition mechanism related to struc-
tural rearrangement. Mutagenesis studies and structural exami-
nation indicate that native serpin molecules are suboptimally
packed (Lee et al., 1996; Ryu et al., 1996; Im et al., 1999; Seo
et al., 2000). There are 23 cavities inside the crystal structure of
the native a1AT, with a total cavity volume of 850 A˚
3 (Lee et al.,
2001). The presence of these cavities together with side-chain
overpackingmediates a1AT’s instability and facilitates its confor-
mational switching during complex formation. As shown in Fig-
ure 9B, Met 374 is involved in the formation of both cavities 17
Figure 8. Comparison of Structural MS Data and Crystallographic
Data
(A andB) Oxidized probe residues are colored red and unmodified residues are
colored yellow.
(C) Oxidized probe residue Tyr 160 (red) is located in the C terminus of helix F.Structureand 22, which are located in the hydrophobic core of the a1AT
structure (Lee et al., 2001). Met 385 sits exactly beside cavities
17 and 22, as shown in Figure 9B. Many proteins contain internal
cavities (Williams et al., 1994), and it has often been found that
proteins can be stabilized by cavity-filling mutations (Akasako
et al., 1997; Ohmura et al., 2001). Previous studies showed that
the protein stability of a1AT was dramatically increased by cav-
ity-filling mutations (Lee et al., 2000, 2001). Surprisingly, how-
ever, the degree of stabilization was not correlated with cavity
size or with the hydrophobicity of the newly introduced residue
(Lee et al., 2001). This observation led to the proposal that the
stabilization effect of the cavity-filling mutations in a1AT might
be determined not only by cavity size and shape but also by the
flexibility of the local environment (Lee et al., 2001; Eriksson
et al., 1992; Lee, 1993). Our footprinting results indicate that, in
addition to being suboptimally packed, the regions surrounding
thesecavities are highly dynamic such that totally buried residues
are transiently exposed to solvent. As with helix F, preexisting la-
bility in this important region (the breach region) might facilitate
loop insertion once the conformational transition begins. Unlike
helix F, the lability in these regions is confined to side chains,
whereas the backbone hydrogen bonds appear to be stable.
Further insight into the local dynamics in these regions is pro-
vided by MD simulations. In the case of Met 374 (Figures 7C and
7D), the motions responsible for exposing the sulfur atom to sol-
vent are displacements of surrounding side chains, primarily Phe
190 and Leu 110, but also including Tyr 244, Leu 383, Ala 248,
and Leu 112 (Figure 7E). Phe 190, Tyr 244, and Leu 383 are all
residues that have been identified as highly conserved based
on phylogenetic analysis of the serpin family (Irving et al.,
2000), whereas positions 374 and 248 have been identified as
sites of stabilizing mutations in an extensive mutagenesis study
(Seo et al., 2000). Due to the high reactivity of methionines, Met
374 is an effective reporter of local dynamics in this highly con-
served region. We note that Phe 190 is part of strand 3A, which
is identified as rigid by H/D exchange. The example of Met 374
clearly illustrates how the complementary probes (hydroxyl rad-
icals and deuterium in this case) provide amore complete picture
of the native conformational ensemble than either approach
alone. Similar local side-chain motions, primarily of Tyr 38 and
Phe 35, are responsible for the exposure of Met 385.
Pro 255 is also buried but identified as being oxidized. Unfortu-
nately, there are no mutational data on Pro 255. However, it is
known that substitutions of Lys 368, which is close to Pro 255
(Figure 9C), result in increased thermostability (Seo et al.,
2000). Perhaps Lys 368 reflects the local structural instability in
the region of Pro 255. Lys 368 is located in one of the surface hy-
drophobicpockets (Figure 9C) that are suggested tocontribute to
the metastability of the native structure of a1AT. Replacing Lys
368with Arg induces 1.1 kcal mol1 free energy, making themol-
ecule slightlymore stable (Seo et al., 2000). Thus, Lys 368 and the
adjacent hydrophobic pocket are somewhat unstable. This find-
ing is supported by oxidation of Pro 255.MD simulations indicate
that a shift in local side chains occurs early that exposes a portion
of Pro 255 to solvent. Pro 255 spends the majority of the simula-
tion withR2 A˚ of surface area exposed and is only occasionally
and transiently fully buried (Supplemental Data).
There is also one region which showed high exchange rates
without any observed oxidized residues in footprinting. We did16, 38–51, January 2008 ª2008 Elsevier Ltd All rights reserved 47
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MS Characterization of Serpin StructureFigure 9. Dynamic Local Environments Revealed by Synchrotron Footprinting
(A) Five oxidized residues (red) located in the regions showing low hydrogen exchange rate. His 209 and Pro 326 are labeled.
(B) Residues (F190, A248, M374, L383, and F384) that line the wall of cavity 17 are shown in blue exceptM374 (red). Residues (A250, I251, F252, F372, andM374)
that line the wall of cavity 22 are in yellow except M374 (red).
(C) P255 (red) closely contacts the thermostable mutation Lys 368 (green).not identify any oxidized residue in strand 2C, but this region
showed a very highH/D exchange rate. The peptic fragment cov-
ering this region (residues 276–299) is long, and includes strands
2C and 6A and the C terminus of helix H. Our H/D data found 14
fast-exchanging amide hydrogens in this peptide (24 amide
hydrogens in total). However, we are unable to specify which of
the 24 exchangeable hydrogens are fast exchanging. Probe res-
idues in strand 2C include Leu 286, Leu 288, andPro 289, and are
all solvent inaccessible with SASA values of 0, 1.1, and 0.5 A˚2,
respectively. These residues are clustered in the C-terminal half
of strand 2C, and their protection from oxidation suggests that
at least this portion of strand 2C is stable, whereas the unstable
regions are located elsewhere in residues 276–299.
Conclusions
In this paper, data from synchrotron footprinting and H/D ex-
change methods together with molecular dynamics simulations
andmutagenesis studies highlight differences between the static
crystal structure and the dynamic conformation of metastable
a1AT in solution. Our previously published H/D exchange MS re-48 Structure 16, 38–51, January 2008 ª2008 Elsevier Ltd All rights rvealed the distribution of flexibility and rigidity in functionally im-
portant regions of a1AT (Tsutsui et al., 2006). Footprinting has
now revealed that several buried side chains are readily oxidized
despite their apparent inaccessibility to solvent in the X-ray crys-
tal structure. This, together with MD results, indicates that the
environments of these side chains are dynamic in solution and,
significantly, these side chains are located in regions previously
identifiedbymutagenesis asbeing important for themetastability
of the a1AT structure. Thus, these results point to an intriguing
connection between local side-chain dynamics and metastabil-
ity. The work as a whole provides insights into the unique struc-
tural designs of human a1AT protein and improves our under-
standing of its unusual inhibition mechanism.
In addition, to the best of our knowledge, this paper is the first
report to compare the complementary capabilities and data of
synchrotron footprinting and H/D exchange on the same protein.
SF and H/D exchange are two complementary structural MS
techniques to study protein structural dynamics, one probing
amino acid side chains and the latter probing backbone amide
hydrogens. H/D exchange can probe dynamics on a millisecondeserved
Structure
MS Characterization of Serpin Structuretimescale using pulse-labeling and rapid-quench techniques
(Busenlehner and Armstrong, 2005). In previous stop-flow foot-
printing experiments, millisecond dynamics was also probed
(Shcherbakova et al., 2004). This work shows that footprinting
is also capable of probing ultrafast dynamics, even to the nano-
second level. Therefore, protein structural dynamics can be
monitored not only at the backbone and the side-chain level
but also with a wide range of timescales when both techniques
are used. The structural mass spectrometry method is an in-
creasingly important tool to study protein structures and dynam-
ics because of its relatively fast analysis, minimal sample require-
ments, and capability of providing essential dynamic information
for protein segmental motions that are important for biological
function. Thispaperwill enable investigators tobetter understand
the complementarity of the two structuralMSmethods and assist
them to efficiently employ these methods in their studies.
EXPERIMENTAL PROCEDURES
Expression, Purification, and Activity of Wild-Type a1AT
The expression, purification, and activity assay methods of wild-type a1AT
(WT-a1AT) were as described previously (Tsutsui et al., 2006) with slight mod-
ifications. The recombinant form of WT-a1AT was expressed in Escherichia
coli BL21 (DE3) cells. The cell lysate was first loaded onto a Hiprep 16/10
DEAE FF column (Amersham). The eluted fractions containing a1AT were
pooled and then loaded onto a Mono 4.6/100 PE column (Amersham). a1AT
was eluted with 10 mM sodium cacodylate (pH 6.5) containing 200 mM
NaCl. The concentration of a1AT was determined in 6 M guanidine chloride
using A1cm
1% = 4.3 at 280 nm as described previously (Im et al., 1999). The
activity assay showed that all a1AT samples were 100% active.
Synchrotron X-Ray Radiolysis and Proteolysis
Prior to radiolysis, a1AT was dialyzed against 10 mM sodium cacodylate (pH
7.0) at 4C. Radiolysis experiments were performed at beamline X28C of the
National Synchrotron Light Source at the Brookhaven National Laboratory at
beam currents ranging between 233 and 249 mA according to published pro-
cedures (Kiselar et al., 2003; Guan et al., 2002; Maleknia et al., 2001). A focus-
ingmirror has been recently installed for X28C, which provides increases in the
flux density of the X-ray beam on the sample according to Alexa dose-
response assays (Gupta et al., 2007). As a consequence, the oxidation rate
of radiolysis peptides was affected, which should be considered when com-
paring this work with our previous studies. Three sets of samples were ex-
posed to X-ray for 0–200 ms (0, 10, 15, 20, 30, 40, 50, 60, 80, 100, 140, and
200 ms), each containing 5 mM a1AT in a 10 ml final volume. After radiolysis,
Met-NH2 (pH 7.0) was immediately added to a final concentration of 10 mM
to avoid secondary oxidation (Xu and Chance, 2005a).
Digestion was performed using three proteases: sequencing-grade modi-
fied trypsin (Promega Biosciences), Asp-N (Roche Diagnostics), and chymo-
trypsin (Roche Diagnostics). Before digestion, the irradiated samples were di-
luted five times with 50 mM Tris-HCl (pH 8.0). The diluted samples were then
denatured by adding 15% acetonitrile and heating at 95C for 25 min followed
by cooling on ice. Proteolysis conditions of the three enzymes were slightly dif-
ferent. For trypsin and Asp-N digestion, the denatured samples were sub-
jected to proteolysis at a protease-to-protein ratio of 1:20 at 37C for 12 hr.
For chymotrypsin, the digestion temperature was 25C. Digestion was termi-
nated by freezing the samples.
Mass Spectrometric Analysis of Synchrotron Footprinting
Experiments and Modification Rate Calculation
One picomole of digested protein was separated by reverse-phase HPLC us-
ing a C18 column (75 mm3 15 cm, LC packings) at a flow rate of 200 nl/min and
examined using a Finnigan LCQDecaXP Plus quadrupole ion-trapmass spec-
trometer (Thermo Electron). Peptides were sequenced by tandemmass spec-
trometry experiments and identified by SEQUEST (Thermo Electron) search
and manual analysis. Tandem MS/MS spectra were also acquired to identifyStructuresites of amino acid side-chain oxidation (Davies, 1987; Roepstorff and Fohl-
man, 1984). The fraction of unmodified peptide was calculated as the ratio
of the peak area under the unoxidized peptides (y) to the sum of those for
the unoxidized and the radiolytic products. Dose-response curves were plot-
ted of the unmodified fraction (a logarithmic scale of y) versus X-ray exposure
time (t). The rate constant (k) was calculated by fitting the fraction of unmodi-
fied peptide (y) and exposure time (t) into the first-order reaction equation y =
Exp (kt) (Xu and Chance, 2003). Independent experiments were performed
twice, and the separate data sets were combined and globally fit using Origin
(Microcal Software). The reported errors (Table 1) represent the 95% confi-
dence limits as reported by Origin 6.1 using a linear approximation (Rashidza-
deh et al., 2003; Guan et al., 2002).
Solvent-Accessible Surface Area Calculation of a1AT
and Molecular Dynamics Simulations
SASA calculations of the a1AT crystal structure (PDB ID code: 1QLP) were
done with the GETAREA server (http://pauli.utmb.edu/cgi-bin/get_a_form.
tcl). Molecular dynamics simulations were performed using the MD software
package NAMD (Phillips et al., 2005) and the CHARMM27 force field (Foloppe
and MacKerell, 2000). The structure of wild-type a1AT (PDB ID code: 1QLP)
was downloaded from the Protein Data Bank, and explicit hydrogens were
added using the package PSFGEN (Humphrey et al., 1996). This structure
was then subjected to 1000 steps of energy minimization. The protein was
then solvated with a box of 9259 TIP3 water molecules and 10 sodium ions
(in order to make the system electrically neutral). Water and ions were energy
minimized for 1000 steps with the protein atoms fixed, and then the entire sys-
temwasminimized for an additional 1000 steps. Subsequent simulations were
carried out in the NPT ensemble using Langevin dynamics. Periodic boundary
conditions were employed and long-range electrostatic interactions were
treated using the particle mesh Edwald method. The timestep employed
was 2 femptoseconds. The energy-minimized system was heated from 0C
to 310C in 31C intervals over the course of 20,000 steps. Simulations were
then carried out for 14 ns. The root-mean-square deviation of the backbone
of a1AT stabilized after 7 ns, so only the last 7 ns of the simulation were
used for analysis.
Calculations of SASAs during MD simulations were carried out using the
molecular modeling software VEGA ZZ 2.0.7 (Pedretti et al., 2004).
Supplemental Data
Supplemental Data include dose-response curves for all 14 oxidized peptides
shown in Table 1 and MD trajectories of Met 385 and Pro 255, and can be
found with this article online at http://www.structure.org/cgi/content/full/16/
1/38/DC1/.
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